5+ -niobates and Ta 5+ -tantalates have been evaluated with the help of classic polyhedra approach and atomic net model. X-ray photoelectron spectroscopy (XPS) is utilized as a powerful method to determine the binding energy (BE) of individual atoms in the crystal lattice. Chemical bonding effects are discussed for niobates and tantalates using the binding energy differences Δ Nb = (BE O 1s -BE Nb 3d 5/2 ) and Δ Ta = (BE O 1s -BE Ta 4f 7/2 ) as key parameters to relate structural and electronic properties of the compounds with pronounced dielectric nature. Photocatalytic materials such as Sr 2 Nb 2 O 7 , Ta 2 O 5 , LiTaO 3 , and Sr 2 Ta 2 O 7 are considered in particular.
I. INTRODUCTION
Complex oxide compounds containing niobium and tantalum play a very important role in many areas of microand nanoelectronics, nanochemistry and materials science [1] [2] [3] [4] [5] [6] [7] . Because of the wide structural geometries with strong distortion of the MO 6 (M = Nb, Ta) octahedra and high electronic polarizability of the M-O bonds, niobates and tantalates show versatile electronic and optical properties and pronounced ability for the formation of noncentrosymmetrical crystal structures [8] [9] [10] [11] . In oxides the M 5+ ions are coordinated by four or six oxygen atoms. To illustrate these coordinations, crystal structure of LaNbO 4 , in space group I2/a, and LiNbO 3 , in space group R3c, are shown in Figures 1 and 2 , respectively [12, 13] . Many niobate and tantalate crystals show high ferroelectric, piezoelectric and nonlinear optical properties [8, 9] . In technological applications, niobate crystals are used in the fabrication of nonlinear optical and integrated optical devices, acousto-electronic devices, photocatalysts and nanotechnology [3] [4] [5] [6] [7] [14] [15] [16] [17] [18] surface reduction of M 5+ -oxide crystals to lower the valence states of M cations can be achieved by ion or electron bombardment widely used in modern electronic technology for surface treatments [4, [19] [20] [21] . Chemical state of the crystal surface can be modified by the formation of the solid solutions that results in strong variation of chemical reactivity and physical properties [1, 2, 4, 7, 14, 17, [20] [21] [22] [23] . So, the bulk and surface properties of niobate and tantalate crystals are strictly dependent on the M ion chemical state, which should be controlled with high reliability. When the oxide crystal lattice formation takes place due to valence electron exchange between metals and oxygen and atomic ordering to achieve minimum crystal energy, two effects interesting for our current study are proceeding in parallel. On the one hand, atomic ordering results in a suite of interatomic distances that is a principal characteristic of selected oxide crystal, for example, a set of Nb-O distances in a niobate. Futhermore, when metal interacts with oxygen, great redistribution of electronic density occurs as a shift of valence electrons from metal atom to oxygen resulting in electrons and a correlation is expected between the metal-oxygen distance and the element core level BE variation. Such quantitative relations were observed in several studies carried out for different oxide chemical families [24] [25] [26] [27] [28] [29] . So, it is of tremendous interest to relate the Nb-O and Ta-O bonding in niobates and tantalates with crystal structural parameters. The results presented would be valuable in XPS observation of these materials modified with doping or activation agents.
II. ATOMIC NET MODEL
Generally, atom distribution over crystal lattice space can be considered using different approaches [30] . Cation or anion polyhedra model is most popular to envisage the atomic coordination in crystal lattice of complex compound. This model was used for the preparation of Figures 1 and 2 illustrating crystal structure of representative niobates LaNbO 4 and LiNbO 3 . Another approach has been proposed in several studies devoted to structural features evaluation of multicomponent crystals related to different chemical classes [31] [32] [33] [34] [35] . This model was successfully applied for the exploration of such challenging questions as crystal chemistry of mercury minerals, structural types of transition metal oxides and fluorides, epitaxial contacts of complex crystals [36] [37] [38] [39] .
Detailed analysis of crystal structure geometry made for known niobates and tantalates reveals presence of regular cation sublattices as a basis of crystal lattice. Such cation sublattices are found for various cation combination including small and light (Li, Na, Mg) and big and heavy (Mo, W, rare earth elements) atoms. On the geometry type these sublattices can be classified over three possible groups: 1) close to cubic face-centered (F -type); 2) close to cubic bulk-centered (I -type); 3) hexagonal sublattices, K 2 UF 6 -type, formed by two intersecting hexagonal grids with distribution of cations on the different scale grids [36, 37, 40] . Previously, the structural parameters were defined for the cation sublattices observed for numerous niobates and tantalates related to wide structural types [36, 37, 40] . As an example, the structure of LaNbO 4 is considered here. Cation space distribution in LaNbO 4 is very similar to that of sheelite-type crystals. The unit cell of LaNbO 4 , in space group I2/a, a = 5.569 Å, b = 11.529 Å, c = 5.206 Å, β = 94.09°, is formed by two cationic face-centered sublattices linked by a common face ortogonal to the b-axis [12] . Respectively, the parameters of cation F -sublattice are a k = 5.57, b k = 5.77, c k = 5.21 Å, α k = γ k = 90°, β k = 94.07° [40] . A case of well-known trigonal LiNbO 3 structure, in space group R3c (a = 5.14739, c = 13.85614 Å, Z = 6) is evidently more complicated [13] . When the cation distribution was analyzed for the three crystallographic planes (024), ( 2 04) and (2 2 4) linked by three-fold symmetry axis, the quazi-cubic cation I-sublattice was found with the parameters a k = b k = c k = 3.76 Å, α k = β k = γ k = 86.28°. The square nets on two alternating (024) planes are formed in turn by niobium and lithium cations. The nets are shown in Figures 3  and 4 . These are the coordinate planes of I-type cation sublattice. Cation distributions shown in Figures 3 and 4 are confirmed by trigonal cation nets detected for crystallographic planes (104) and (110). These crystallographic planes are the closely-packed planes {110} in the cubic I-sublattices. The cation distribution in the (104) crystallographic plane is shown in Fig. 5 . When the crystal properties are analyzed in terms of the atom space distribution and atom-atom first-shell contacts, it is reasonable to conclude that the crystal state is controlled by specific ordering rules [30, [40] [41] [42] . The distribution of heavy atoms, cations in niobates and tantalates, is most strictly limited by atomic ordering. The variations of interatomic distances appeared dominantly due to less strict ordering of light anions, oxygens in niobates and tantalates.
III. NIOBATES
The electronic parameters of niobates, which were evaluated with XPS up to now, are shown by points in Figure  6 . Because of severe dielectric nature of Nb 5+ -niobates severe surface charging is typically observed during XPS measurements. On this reason the BE difference Δ(O-Nb) = BE (O 1s) -BE (Nb 3d 5/2 ) was used as a key parameter to characterize average Nb-O bonding. This difference parameter is evidently more reliable than using the absolute BE value of individual core levels which is typically used in bonding analysis. When BE (O 1s) or BE (Nb 3d 5/2 ) parameters of the constituent element core levels are used for this purpose, they are usually calibrated in reference to the C 1s core level whose BE value may be different in different spectrometers.
The diagram shown in Figure 6 was partly presented in Ref. 24 previously and now the collection of the compounds is expanded by including additional experimental data measured with XPS for several new compounds and published in literature. General Δ(O-Nb) has a tendency toincrease with increasing L (Nb-O) , the average bond distance between Nb and O. So, ionicity of the Nb-O bonds is [3, 47] . Investigations of electronic structure of complex tantalates is expected to reveal factors governing the photocatalytic activity and physical properties of these compounds.
V. CONCLUSIONS
The present study has explored the relation between the structural and electronic parameters of niobates and tantalates with emphasis on the photo-catalytically active materials. An observation of structural features is made by comparison with atomic net model to see the general tendency in crystal lattice formation. The model is universal and can be used for the observation of crystal structure of multielement compounds. It has been shown that core level photoemission spectroscopy of complex oxides is an excellent method for the evaluation of bonding effects. Presently only a few photocatalytic niobates and tantalates have been accurately observed with XPS, and further accumulation of experimental results is beneficial in order to establish reliable correlations between the structural and electronic parameters, which will be helpful for the design of new effective catalytic materials. A set of chemically stable rare-earth-bearing perovskites Ln 1/3 MO 3 would be considered for this purpose [49, 50] .
